The design of a simplified IMPACT (Internal Model Principle and Control Together) structure comprising conventional digital control laws is presented. The design procedure is accomplished to enable the extraction of a known class of immeasurable external disturbances and easy setting of the controller parameters. In the proposed controlling structure, the set point transient response and speed of disturbance rejection can be adjusted independently. The efficiency and robustness of the proposed controlling structure are verified and tested by the simulation and experimental setup.
Introduction
The concept of internal models implies the inclusion of the nominal plant model and/or model of immeasurable external disturbance into the control portion of the system. In the IMC (Internal Model Control) approach, the internal plant model is used to achieve a high system performance [1] - [3] . In the IMP (Internal Model Principle) approach, the model of external disturbance is incorporated into the minor local loop of control system in order to suppress or to reject completely the influence of disturbance on the steady-state value of the system controlled variable [2, 4] . Since a real plant differs from its nominal model, in all the approaches IMC, IMP, and IMPACT, the system robustness with respect to the uncertainties and variations of plant parameters must be provided [1] . The IMPACT conrolling structure incorporates both the internal nominal plant model explicitly and internal model of disturbance implicitly. The structure has been developed by Ya.Z. Tsypkin [4] independently of the IMC and IMP. The IMPACT structure enables an easy achievement of the desired set-point transient response, rejection of the known class of disturbances, and high degree of robustness of the system with respect to interval changes of plant parameters [5] . Unlike the classical IMC, which is applicable only for stable plants, the IMPACT structure may be applied for all kinds of control plants including unstable plants and plants of nonminimal phase [6] .
In many control applications, particularly in the control of slow varying industrial processes, the conventional P, PI, and PID control laws are applied [7] - [10] . In designing a single-loop control system applying the conventional control laws, the control plant is approximated by typical, relatively simple, nominal plant model developed in a low frequency range. This paper shows the design of IMPACT structure of the system having a PI controller in the main control loop and the internal models of the nominal plant and disturbance in the local minor loop. The structure enables the set-point transient response and speed of disturbance rejection to be adjusted independently by setting a small number of parameters having clear physical meanings.
Principle of Absorption
Suppose that kth sample of external disturbance f t ¡ may be determined by finite number m 0 of previous samples. Then, the disturbance is regular and may be described by extrapolation equation [6] f kt
where D f z¤ 1 , and the process dead-time is given by integer k. Within the control portion of the structure In virtue of Eq. (7), the system set-point response can be adjusted by determining appropriate polynomials P r z¤ 1 
¡
. Then, the absorption of an external disturbance, speed of disturbance transient response, and system robustness with respect to uncertainties and interval variations of plant parameters are adjusted by choosing the structure and parameters of the disturbance estimator.
Rejection of disturbance
From Eq. (6), the steady-state error in the presence of a known class of external disturbances will become zero if
In the case of a stable polynomial C z¤ 1 ¡ and a plant of nonminimal phase
Eq. (8) is reduced to
As shown later, a stable polynomial C z¤ 1 ¡ is to be chosen according to the desired speed of disturbance rejection and degree of system robustness and then polynomial A z¤ 1 ¡ is determined to satisfy Eq. (10) . According to the principle of absorption, it is possible to design the observer estimator that rejects any kind of expected disturbances. To this end, suppose the class of disturbances having z-transform w z¤ 1 (11) guarantees the absorption of the expected class of disturbances, while the choice of C z¤ 1 ¡ affects the speed of disturbance rejection, system robustness, and sensitivity with respect to the measurement noise. Good filtering properties and system efficiency in disturbance rejection are mutually opposite requirements. Therefore, to reduce the noise contamination, the low-pass digital filter may be introduces to modify the internal model of disturbance into
where
represents pulse transfer function of the low-pass filter and A 1 z¤ 1 ¡ is polynomial which satisfies (11) and thus includes the internal model of disturbance, implicitly. The lower bandwidth of the low-pass filter corresponds to higher degree of system robustness and vice versa [2, 3] . Moreover, complex disturbances require higher order of polynomial A z¤ 1 ¡ which will further reduce system robustness with respect to mismatches of plant parameters.
Parameter setting
The main control loop of the system of Fig. 1 is designed to achieve a desired set-point response determined by the system closed-loop transfer function
According to (7), the desired closed-loop transfer function is achieved if the following identity holds
To satisfy (14) , it is necessary to solve the Diophantine equation
for polynomials P y z¤ 1
¡
and T z¤ 1 ¡ and then to determine polynomial P r z¤ 1 ¡ in the main control loop of the system of Fig. 1 as
where T z¤ 1 ¡ in (15) is previously chosen as a stable polynomial. Recall that, for a minimal phase plant, R z¤ 1
is read from (13) or it may be determined by the desired closed-loop system pole spectrum. To improve the system robustness with respect to uncertainties of plant parameters, polynomial K de z¤ 1 ¡ may be extended by factors
robust stability is satisfied. At the same time, calculated polynomial P r z¤ 1 ¡ should be modified into
in order to save the achieved set-point response and to keep unchanged the steadystate value of system output.
IMPACT Structure with Conventional Controller and Internal Models
As it is shown in the previous section, the main control loop and disturbance estimator of the IMPACT structure may be designed independently. Hence, the control structure with conventional digital PI or PID controllers, often used in control of slow varying industrial processes, may be modified by including a local control loop with internal models in order to improve the robustness of system performance and to reject an expected class of immeasurable external disturbances. In doing so, the IMPACT structure of Fig. 1 is redrawn into the controlling structure with PI controller, shown in Fig. 2 . The design procedure of the structure of Fig. 2 will be illustrated by the example of control system having the control plant described by
In the low frequency band, the nominal plant model is identified as [12, 13] 
The zero-hold equivalence pulse transfer function of the nominal plant, with sampling time T s ¢ 0 1875 s, is calculated as
The sampling time is chosen to be T s ¢ τ 56 where τ is the process dead-time. Since the control plant is of minimal phase, R z¤ 1
0 1175 is to be selected.
In the main control loop of the system of Fig. 2 , the conventional digital PI controller
is used and its parameters are set by using Dahlin's algorithm to obtain [14] 
¡
is the low-pass digital filter which should be selected to improve the system robustness and to reduce the system sensitivity with respect to the measurment noise.
The solution of Diophantine equation (11) with relatively large dead-time k is rather difficult. To simplify the solution, we propose an alternative approach. Namely, if we assume prediction polynomial D z¤ 1
where A9 (12) is derived as
In all the simulation runs that follow, reference signal r t
10¡ is applied and the system is subjected by the slow varying disturbance contaminated by the measurement noise. With PI controller (22) and implicit model of disturbance (26), the system of Fig. 2 was simulated and the results of the simulation runs are shown in Fig. 3 . Trace 1 of Fig. 3 shows that, dispite of the I-action in the main controller, the system does not reach the required steady-state value, due to the presence of disturbance. However, after introducing the local control loop, the system eliminates the disturbance in the steady-state (see trace 2 of Fig. 3 ). Notice that prediction polynomial D z¤ 1 ¡ § ¢ 2 ¦ z¤ 1 embededed into the implicit model of disturbance (26) has a derivative character and thus produces fluctuations around the steady-state value of the system output. In the second simulation, the same sampling time T s B 0C 1875 s is applied and the local control loop is designed with the same low-pass filter and absorption filter 1 or prediction polynomial that corresponds to a constant disturbance. In this case, the following implicit model of disturbance is derived With (27), the system is unable to eliminate the disturbance completely (see trace 2 of Fig. 4) . However, fluctuations of the system output are now notably suppressed (see traces 2 of Figs. 3 and 4) . The simulation results are shown in Fig. 6 . Notice that now fluctuations of the system output disapear, but the disturbance is not completely rejected from the steady-state value of the system output. 
Experimental Setup
The experimental setup is organized by laboratory Process Trainer Feedback PT-326. The trainer consists of the process and control equipment. It has the characteristics of a large plant, enabling transport lag, process time constant, system response, P and PI control laws etc. to be demonstrated. In the trainer, the air drawn from the atmosphere by a centifugal blower is driven past a heater grid and through a length of tubing to the atmosphere again. The process consists of heating the air flowing in the tube to a desired temperature level, and the purpose of the control equipment is to measure the air temperature, compare it with the set-value and generate a control signal which determines the amount of electrical power supplied to the correcting element, in this case a heater mounted adjacent to the blower. The experimental setup is shown in Fig. 7 . The digital control law is implemented In the design of disturbance estimator, the internal models of constant and ramp disturbances are used. The experimental measurements are also given in the case when the local control loop is excluded. To enable the comparision of the results obtained from different conrol structures, the deterministic disturbance is set by the software. Namely, to the measured output, after A/D conversion, external disturbance w t ¡ is added by the program. Actually, this disturbance corresponds to a real situation that might occur in the system when additional disturbances due to system nonlinearities are neglected. By inserting disturbance wQ t R one moves the process working point from the given set-point. In other words, it is equivalent to the change of air temperature for amount of wQ t R that could occur due to variations of air and/or tube temperatures. In doing so, the comparision of experimental measurements and simulation results are possible. The simulation runs are performed in the vicinity of the nominal workig regime, when interval changes of the plant parameters and measurement noise do not exist, and when the system linearity is implied. For the sake of evidency, the experimental measurements and simulation results are given together in Figs. 9 and 10. 9 illustrates the system behaviour in the presence of disturbance w(t), when the local control loop is disconnected. Fig. 9 (A) shows the system constant reference and system output (simulated and real). In Fig. 9 (B) the simulated and real control variables are shown. Fig. 9 visualizes the agreement of the traces obtained by simulation runs and by measurements on the experimental setup. However, due to the presence of disturbance, the system output greatly fluctuates around its reference value.
The traces of Fig. 10 (A) it is seen that the use of internal model of constant disturbance radically reduces effects of disturbance on the system output. However, when the local control loop is designed by the internal model of ramp disturbance, the disturbance is completely rejected from the steady-state value of system output (see Fig. 10 (B) ). The fluctuations of the system output around its steady-state value, in Fig. 10 (C) , arise due to the measurement noise that could be further filtered by a digital filter of a lower bandwith. 
Conclusions
The IMPACT controlling structure has been described and its structural and parameter synthesis are given in detail. The structure design requires the solution of two Diophantine equations and it might produce difficulties particularly when the structure is to be implemented in industrial applications. Therefore the structural modification is developed in order to simplify the parameter synthesis and to adjust the structure to common industrial applications.
The modified IMPACT structure is rather simplified and has the form of a conventional control loop comprising PI or PID control laws and added a local minor loop which consists of the internal nominal plant model and internal model of the expected class of immeasurable external disturbances embedded into the disturbance estimator. It is shown that the main control loop with various conventional controllers and the local control loop may be designed independently. The overall control algorithm has a relatively small number of control parameters having clear physical meanings.
The disturbance estimator comprises the internal plant model, internal model of disturbance implicitly, and low-pass digital filter of selected bandwidth fo. The lower bandwidth f o enables lower system sensitivity to measurement noise, higher degree of system robustness to uncertainties and interval change of plant parameters, smooth variations of controlled variable, but it reduces the efficiency of disturbance extraction.
The experimental results show that the disturbance estimator designed by the model of constant or slow varying disturbance slows down the speed of disturbance extraction, increases the system robustness and reduces the system sensitivity to the measurement noise. To improve the system efficiency in disturbance extraction, more complex internal models of disturbances (ramp and parabolic, for example) may be embedded into the disturbance estimator. In this case, an adequate low pass filter should be included within the local control loop of the system. The results of simulation runs and experimental measurements verified the theory and efficiency of the proposed controlling structure.
